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Threshold photoelectron–photoion coincidence (TPEPICO) spectroscopy has been used to
investigate the unimolecular chemistry of gas-phase methyl 2-methyl butanoate ions
[CH3CH2CH(CH3)COOCH3
z1]. This ester ion isomerizes to a lower energy distonic ion
[CH2CH2CH(CH3)COHOCH3
z1] prior to dissociating by the loss of C2H4. The asymmetric time
of flight distributions, which arise from the slow rate of dissociation at low ion energies,
provide information about the ion dissociation rates. By modeling these rates with assumed
k(E) functions, the thermal energy distribution for room temperature sample, and the analyzer
function for threshold electrons, it was possible to extract the dissociative photoionization
threshold for methyl 2-methyl butanoate which at 0 K is 9.80 6 0.01 eV as well as the
dissociation barrier of the distonic ion of 0.86 6 0.01 eV. By combining these with an estimated
heat of formation of methyl 2-methyl butanoate, we derive a 0 K heat of formation of the
distonic ion CH2CH2CH(CH3)COHOCH3
z1 of 101.0 6 2.0 kcal/mol. The product ion is the enol
of methyl propionate, CH3CHCOHOCH3
z1, which has a derived heat of formation at 0 K of
106.0 6 2.0 kcal/mol. (J Am Soc Mass Spectrom 1999, 10, 200–208) © 1999 American
Society for Mass Spectrometry
The dissociation dynamics of gas phase ester ions,R9COOR, are very complex. These species mayspontaneously isomerize to more stable distonic
ions (charge and radical sites on separate atoms) by
transfer of hydrogen atoms from various locations on
the R9 and R groups to carbonyl oxygen [1–3]. In some
cases, these distonic ions may undergo a further rear-
rangement to the even more stable enol structure [4, 5].
The reason for the complexity of these isomerization
reactions is the low barrier for the rearrangement via
[1,5] or [1,4]-hydrogen transfer [3, 5–7]. Isomerization of
ester ions is often in competition with dissociation
reactions leading to formation of both closed and open
shell neutral fragments such as H2O, CH2CH2,
CH2CHCH3, CO, H atoms, and RO
z radicals [8–11].
Competitive isomerization and dissociation can result
in multicomponent dissociation rates [2, 4, 9, 11]. This
occurs when an ion can dissociate rapidly by a simple
bond cleavage or rearrange to a lower energy structure,
and thus dissociates with a slow rate determined by a
higher activation energy. Whether this is observed or
not depends very sensitively on the relative barrier
heights for direct dissociation and isomerization.
We have already studied the dissociation dynamics
of methyl formate and methyl acetate ions by threshold
photoelectron–photoion coincidence (TPEPICO) time-
of-flight mass spectrometry [2, 4]. Both of them demon-
strated multicomponent dissociation rates. The two-
component CO loss from the methyl formate ions was
interpreted in terms of competitive fast dissociation and
isomerization to the lower energy distonic ion,
CH2OCHOH
z1, followed by a slow dissociation. In the
case of the methyl acetate ion dissociation, CH3O
z loss
proceeds with both fast and slow rate, whereas the
CH2OH
z loss proceeds with only slow rate. The lowest
energy enol isomer of methyl acetate, CH2COHOCH3
z1,
is the one that ultimately determines the slow compo-
nent of the dissociation rate.
The accurate heat of formation of this ion was deter-
mined from the dissociative photoionization threshold for
methyl butanoate [3]. The methyl butanoate ion rear-
ranges to its distonic isomer, CH2CH2CH2COHOCH3
z1,
prior to the loss of the terminal CH2CH2 group with the
formation of the enol isomer of methyl acetate. Unlike
the methyl acetate ion, the methyl butanoate ion does
not rearrange to its lowest energy enol structure. The
dissociation dynamics of metastable methyl butanoate
ions is a single-component process. It can be described
by a single rate constant, namely, by the dissociation
rate constant of the distonic CH2CH2CH2COHOCH3
z1
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ion. However, the broad thermal energy distribution of
the room temperature methyl butanoate sample (;500
meV) leads to the broad distribution of dissociation rate
constants, k(E), which vary over several orders of
magnitude in this energy range. For this reason, the
essentially single-component TOF distributions of the
fragment CH2COHOCH3
z1 ions demonstrated multi-
component features.
As shown by Leeck et al. [12], the methyl propionate
ion, much like the methyl acetate ion, isomerizes to its
enol form. This rearrangement proceeds via two inter-
mediate distonic ions, CH2CH2COHOCH3
z1 and
CH3CH2COHOCH2
z1. A very complicated four-well po-
tential energy surface (PES) associated with this isomer-
ization [5] suggests that the CH3O
z loss from the methyl
propionate ions may proceed with multicomponent
dissociation rates. The analysis of this reaction would
have been much simpler if the heat of formation of the
enol ion of methyl propionate had been well deter-
mined. This is in part the purpose of the present paper.
Methyl 2-methyl butanoate ions dissociate exclu-
sively by the loss of ethylene, and yield the enol ion of
methyl propionate [8]. They do this by prior isomeriza-
tion to a distonic ion, CH2CH2CH(CH3)COHOCH3
z1. It
is evident that the loss of the terminal CH2CH2 group
results in the afore mentioned enol ion of methyl
propionate. Because the methyl 2-methyl butanoate
distonic ion can form the enol ion of methyl propionate
via a simple bond break, it will do so without a reverse
activation barrier. Thus, a measure of the onset for
ethylene loss from methyl 2-methyl butanoate ion
should yield a good value for the methyl propionate
enol ion heat of formation.
Experimental
The experimental apparatus has been described previ-
ously [13]. Briefly, the room temperature sample mole-
cules were ionized with vacuum ultraviolet (VUV) light
from an H2 discharge lamp dispersed by a 1 m normal
incidence monochromator. An electric field of 20 V/cm
accelerates electrons and ions in opposite directions.
Threshold electrons were selected by a steradiancy [14,
15] and hemispherical analyzers (;30 meV combined
photon and electron energy resolution) and detected
with an electron multiplier. The resulting ions were
detected in coincidence with their corresponding elec-
trons. The time difference between the two detection
events defines the ion’s time-of-flight (TOF). For each
coincidence event, the TOF was electronically converted
to a peak height and sorted on a multichannel analyzer.
TOF distributions were obtained in 10–12 h.
Two experiments were performed. The fractional
abundance of product and parent ions was measured as
a function of the photon energy. The dissociative pho-
toionization threshold, DP0, was derived from this
breakdown diagram. The related experiment involved
measuring the product ion TOF distributions. Slowly
dissociating ions decay as they are accelerating in the 5
cm long acceleration region. This results in asymmetric
TOF distributions from which a dissociation rate can be
extracted. The breakdown diagram and the ion TOF
distributions are related and are best analyzed as a
single data set.
Ab Initio Molecular Orbital Calculations
The TPEPICO TOF spectra of methyl 2-methyl butano-
ate ions (see Figure 1) collected at low photon energies
demonstrate that these ions must rearrange to a lower
energy structure prior to dissociating. A significant
fragment ion peak (relative abundance of about 65%)
appears at the lowest photon energy investigated near
the ionization threshold. This indicates that the differ-
ence between the ionization energy and dissociation
limit of the methyl 2-methyl butanoate does not exceed
300 meV, the half width of the broad thermal energy
distribution of the room temperature sample of methyl
2-methyl butanoate. The statistical RRKM theory pre-
dicts a dissociation rate constant in excess of 109 s21 for
such a small activation energy. Because the minimum
observed dissociation rate constant is about 105 s21, an
isomerization to a lower energy structure is clearly
required if these dissociation rates are to be consistent
with the statistical theory. In order to discuss the data
more meaningfully, we present first the results of the ab
initio molecular orbital (MO) calculations which pro-
vide us with the identity of the isomeric structure and
an estimate of its energy.
The dissociation of metastable methyl 2-methyl bu-
tanoate ions (see structure A in Figure 2) was used by
Holmes et al. [8] as a source of the enol isomer of the
methyl propionate ion (structure F in Figure 2). It was
suggested that the CH3CHCOHOCH3
z1 ion was formed
as a result of a simple ethene loss reaction from the
Figure 1. Coincidence mass spectra (diamonds) of the molecular
beam sample of methyl 2-methyl butanoate at five photon ener-
gies. The solid line is a calculated TOF distribution modeled by
application of the internal energy distribution function in Figure 6
to the dissociation rate curve shown in Figure 7.
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distonic isomer of methyl 2-methyl butanoate ion, B,
which, in turn, is a product of [1,5]-methyl hydrogen
transfer to the carbonyl oxygen in methyl 2-methyl
butanoate. Isomerization reaction pathways and possi-
ble involvement of other isomers of methyl 2-methyl
butanoate ion in the isomerization/dissociation mech-
anism of ionized methyl 2-methyl butanoate have not
been studied. It is known, however, that ionized esters
may undergo multiple rearrangement processes before
the dissociation step itself, which are often in competi-
tion with each other as well as with the dissociation
channel [4, 5].
In order to elucidate the isomerization/dissociation
mechanism of the ionized methyl 2-methyl butanoate,
ab initio MO calculations have been carried out with the
Gaussian 94 series of programs [16]. Five stable
C6H12O2
z1 radical–cation structures and seven transition
states linking them were found (see Figures 2 and 3 and
Table 1). The relationship among these structures is
shown in Figure 4. The vibrational frequencies and
zero-point vibrational energies (ZPE) were calculated at
the unrestricted Hartree–Fock level of theory using the
split-valence 6-31g* basis set, which includes a set of
polarization functions for all nonhydrogen atoms. Har-
monic vibrational frequencies and ZPEs were corrected
by factors 0.8929 and 0.9135, respectively, to take into
account the fact that at the UHF/6-31g* level the
fundamental frequencies are overestimated by ;10%
[17, 18] (see Tables 1 and 2).
To further improve the reliability of calculations,
electron correlation was included by using second-
order Møller–Plesset perturbation theory (MP2). Geom-
etries of C6H12O2
z1 structures optimized at the
MP2(FULL)/6-31g* level of theory are shown in Figures
2 and 3. Bond lengths are given in angstroms and bond
angles in degrees. Energies for these structures are
listed in Table 1. The spin contaminations, ^S2&, were
within an acceptable range and close to the value of 0.76
for the stable isomers and the transition state TSAB (see
Table 1). However, ^S2& values were found to be slightly
higher (from 0.774 to 0.794) for all other transition
states. Table 1 also shows the relative energies of all
structures with respect to the energy of the methyl
2-methyl butanoate ion (isomer A in Fig. 2) calculated at
the MP2(FULL)/6-31g* 1 ZPE level of theory.
The relative energy of the transition state TSAB (see
Figure 3) connecting methyl 2-methyl butanoate ion A
to its distonic isomer CH2CH2CH(CH3)COHOCH3
z1
(structure B in Figure 2) by means of a [1,5]-methyl
hydrogen shift to the carbonyl oxygen was found to be
only 0.02 kcal/mol. This isomerization barrier is signif-
icantly lower than the barrier of 14.6 kcal/mol for the
[1,4]-methoxy hydrogen transfer to the carbonyl oxy-
gen, which leads to the formation of the second distonic
ion CH3CH2CH(CH3)COHOCH2
z1 (structure C). This is
consistent with findings of Yates et al. [19], who noted
that [1,5]-H transfers require less energy that [1,4]-H
shifts. It is interesting that the transition state TSAD
representing the [1,4]-hydrogen shift from the acid
Figure 2. MP2(FULL)/6-31g* optimized geometries of the vari-
ous isomers of the methyl 2-methyl butanoate ion. The structure F
represents the enol isomer of the methyl propionate ion.
Figure 3. MP2(FULL)/6-31g* optimized geometries of the tran-
sition states linking isomers of the methyl 2-methyl butanoate ion
shown in Figure 2.
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moiety to carbonyl oxygen, which leads to the forma-
tion of the third distonic ion CH3CH2CH(CH2)COHOCH3
z1
(structure D), requires about 5 kcal/mol less than the
[1,4]-hydrogen transfer from the alcohol moiety in the
transition state TSAC. The similar fact, namely that the
[1,4]-H shift from the acid moiety occurs more readily
than the [1,4]-H shift from the alcohol moiety, was
confirmed experimentally for the isomerization of the
methyl propionate ions by Pakarinen et al. [5].
Because the barriers between isomers A, C and A, D
are higher than the dissociation limit, neither isomer C,
nor isomer D can be accessed directly from the methyl
2-methyl butanoate ion (see Figure 4). The barriers
between the distonic ions B, C, and D were also found
to be somewhat higher than the dissociation limit for
the ethene loss channel (see Table 1 and Figure 4).
However, the relative energies of the transition states
TSBC and TSCD (see Figure 3), representing seven- and
six-centered activated complexes, respectively, are only
2–3 kcal/mol higher than energy of the reaction prod-
ucts (see Table 1). At the same time, it is known that the
error of the MP2 calculations for radical cations could
be of the same magnitude or even higher. Thus, we
cannot rule out the participation of the distonic ions C
and D in the isomerization/dissociation reaction of
methyl 2-methyl butanoate ion on the basis of theoret-
ical calculations. However, this could be readily tested
by studies with isotopically labeled species: if isomers C
and D are involved in the reaction, all nine terminal
hydrogens would be scrambled.
The distonic isomer C is linked with the enol isomer
of methyl 2-methyl butanoate ion, E, via the transition
state TSCE (see Figure 3). This rearrangement requires
8.1 kcal/mol, which is only 4.1 kcal/mol higher than
the energy of reaction products (see Table 1). This is
also within the error of the MP2 calculations. But, the
involvement of isomer E can be excluded on the basis of
the RRKM simulations of the TPEPICO TOF spectra.
Because it lies some 16 kcal/mol below the lowest
energy distonic isomer B, the dissociation rates would
be much lower than actually measured.
On the basis of these calculations and the experimen-
tal results to be described, it appears that only three
distonic isomers, B, C and D, could participate in the
dissociation mechanism of methyl 2-methyl butanoate
ions. Moreover, the isomers C and D could be involved
only in the low energy dissociation/isomerization reac-
tion. Because the energies of the transition states TSBC
and TSCD linking these three structures are close to the
energy of the reaction products (see Figure 4), the rates
for interconversion among the distonic isomers could
be comparable to the rate of dissociation of isomer B
only for ions with low internal energies. For ions with
higher internal energy (exceeding the dissociation limit
by 100–200 meV), the ethene loss reaction of isomer B
Table 1. Calculated energies and ZPE of ions, transition states, and dissociation products
Species
ZPEa, HF/6-31g*
(hartrees)
MP2(FULL)/6-31g*
(hartrees)
Erel, MP2(FULL)/6-31g*
(kcal/mol)
^S2&
MP2(FULL)/6-31g*
A 0.187 069 2384.746 619 6 0.00 0.760
B 0.186 110 2384.767 666 4 213.76 0.762
C 0.186 043 2384.763 172 4 210.98 0.759
D 0.185 569 2384.764 512 7 212.09 0.763
E 0.187 480 2384.794 868 9 230.04 0.759
TSAB 0.182 277 2384.742 205 6 0.02 0.766
TSAC 0.181 929 2384.718 604 1 14.63 0.785
TSAD 0.182 184 2384.726 911 9 9.57 0.774
TSBC 0.182 697 2384.731 115 2 7.22 0.787
TSBD 0.182 242 2384.718 772 7 14.71 0.793
TSCD 0.182 399 2384.731 815 1 6.61 0.788
TSCE 0.181 888 2384.728 911 1 8.14 0.794
Products
F 0.126 648 2306.440 724 7 0.760
CH2¢CH2 0.054 772 278.294 286 2
Products 4.05
aTo be scaled by 0.9135 [17, 18].
Figure 4. Hypersurface for rearrangement and dissociation reac-
tions of the methyl 2-methyl butanoate ion. This diagram is
approximately to scale.
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proceeding via the “loose” transition state will domi-
nate the mechanism. Taking into account the width of
the internal energy distribution of the 298 K sample of
the methyl 2-methyl butanoate (over 600 meV), the
effect of the distonic isomers C and D on the dynamics
of this reaction, if any, can be ignored.
It has been our experience that the energies obtained
by ab initio MO calculations are not sufficiently precise
to permit their use without some adjustment in model-
ing the statistical theory fit to the experimental rate
constants. We thus use the present calculations as a
starting point and permit adjustments of 65 kcal/mol.
On the other hand, we choose to use the vibrational
frequencies of the stable structures A and B and the
transition state TSAB as given by the ab initio MO
calculations. Because structures C and D do not affect the
dynamics, they are ignored in the analysis of the rates.
All indications are that the barrier for isomerization
from the methyl 2-methyl butanoate ion is very low. In
addition, there is no low energy direct path through
which the methyl 2-methyl butanoate ion can dissociate
without first isomerizing. Thus, we do not expect that
this ion will dissociate via a two-component rate con-
stant. This distinguishes this ion from methyl acetate,
methyl formate, and ethyl formate, all of which disso-
ciate via two-component mechanisms [2, 4, 9, 10], and
makes its dissociation dynamics, determined only by the
rate of the CH2CH2 loss reaction of the distonic isomer B,
similar to that of the ionized methyl butanoate [3].
Experimental
The TOF Distributions and Breakdown Diagram
TOF mass spectra of methyl 2-methyl butanoate were
collected over the photon energy range 9.84–10.41 eV.
Table 2. Vibrational harmonic frequencies used in this studya (cm21)
A (neutral) 34,101,126,159,181,208,219,239,277,333,416,445,618,753,771,809,862,941,980,989,1010,1086,1104,1159,1160,
1191,1226,1271,1290,1361,1386,1393,1400,1457,1458,1467,1467,1469,1473,1475,1477,1787,2857,2863,2869,
2886,2903,2903,2918,2928,2932,2933,2974,2989
A 25,94,110,135,172,194,211,236,254,286,397,422,547,726,746,790,813,870,928,976,985,1066,1084,1138,1143,1173,
1232,1264,1312,1348,1361,1403,1409,1414,1443,1453,1458,1461,1462,1468,1469,1565,2859,2881,2884,2911,
2919,2929,2935,2951,2951,2965,3028,3063
B 33,94,145,168,182,194,202,225,257,303,383,444,555,571,594,739,781,804,875,906,942,999,1021,1078,1131,1142,
1149,1187,1204,1282,1327,1348,1395,1418,1429,1445,1452,1459,1463,1472,1487,1588,2857,2882,2912,2917,
2934,2949,2963,2964,3003,3049,3059,3585
C 23,90,96,144,191,198,214,248,256,311,386,445,594,610,739,747,786,804,842,932,968,981,990,1070,1099,1120,
1141,1183,1254,1285,1330,1351,1393,1397,1407,1452,1458,1463,1464,1470,1494,1562,2850,2881,2894,2907,
2927,2940,2949,2950,2967,2990,3136,3538
D 34,98,126,140,167,181,199,238,242,306,396,408,441,556,600,746,756,797,849,916,937,979,1025,1088,1121,1141,
1148,1194,1251,1277,1315,1354,1405,1409,1417,1449,1454,1464,1469,1471,1479,1583,2856,2896,2909,2912,
2930,2943,2948,2984,3002,3049,3093,3583
E 42,73,85,117,176,178,199,223,315,339,401,469,476,538,687,731,767,872,909,965,976,1028,1036,1126,1141,1183,
1200,1224,1291,1313,1387,1396,1410,1437,1449,1456,1458,1464,1473,1474,1512,1554,2860,2877,2899,2906,
2928,2932,2950,2954,2981,2993,3043,3608
TSAB 2030i,71,125,154,182,190,219,287,340,390,424,454,512,587,713,801,827,859,900,943,976,1024,1098,1132,1144,
1162,1181,1193,1264,1270,1306,1346,1377,1404,1419,1421,1446,1450,1457,1459,1462,1466,1564,2847,2888,
2892,2926,2933,2933,2956,2973,3005,3030,3057
TSAC 2583i,19,92,139,188,206,213,253,256,377,428,440,593,627,749,781,806,917,941,973,983,988,1069,1092,1107,1127,
1131,1146,1250,1275,1321,1351,1383,1403,1408,1436,1453,1461,1464,1469,1470,1508,1684,2855,2882,2891,
2909,2919,2938,2950,2951,2967,2975,3090
TSAD 2254i,41,95,113,125,176,226,237,312,353,412,460,570,624,709,769,807,860,917,941,987,1017,1102,1119,1143,
1151,1168,1178,1240,1264,1309,1346,1402,1409,1414,1444,1448,1458,1459,1466,1472,1537,1660,2874,2880,
2898,2914,2934,2943,2943,2955,3028,3033,3060
TSBC 2166i,63,163,175,200,224,275,319,337,358,481,518,612,652,662,695,763,809,832,922,955,986,1003,1082,1099,
1133,1150,1158,1235,1243,1296,1328,1350,1357,1391,1394,1413,1431,1458,1465,1466,1507,1572,2881,2888,
2916,2934,2936,2954,2966,2980,3005,3085,3529
TSBD 2284i,31,107,128,168,216,240,300,318,351,508,525,550,633,674,743,812,829,859,929,948,953,974,1029,1067,1118,
1141,1149,1194,1222,1275,1289,1320,1334,1415,1423,1427,1450,1464,1471,1474,1518,1582,2899,2911,2934,
2942,2944,2949,3001,3024,3031,3048,3586
TSCD 2239i,62,101,176,191,233,277,315,360,407,491,503,619,641,650,695,745,810,816,936,958,989,1001,1081,1088,
1115,1133,1146,1222,1241,1271,1311,1339,1343,1403,1411,1428,1456,1463,1468,1471,1517,1567,2872,2882,
2916,2921,2938,2941,2950,2984,3018,3092,3524
TSCE 2321i,67,87,151,188,208,212,233,266,374,437,490,552,625,636,687,751,784,863,937,971,999,1006,1064,1093,
1120,1129,1177,1200,1264,1299,1345,1390,1402,1407,1444,1451,1455,1464,1471,1514,1551,1633,2859,2868,
2873,2911,2931,2935,2952,2961,2987,3100,3511
F 33,104,159,193,209,299,506,529,553,613,717,763,930,970,1042,1099,1142,1159,1213,1317,1387,1424,1435,1449,
1457,1466,1521,1581,2867,2918,2928,2987,3025,3049,3053,3543
CH2¢CH2 801,978,982,1031,1208,1337,1438,1657,2965,2986,3031,3054
aScaled by 0.8929 HF/6-31g* frequencies [17]. Transition state imaginary frequencies denoted (i).
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Typical TOF distributions of ionized methyl 2-methyl
butanoate are shown in Figure 1. At the low photon
energies, the fragment ion TOF distributions are asym-
metric. This occurs when the molecular ions dissociate
slowly in the first acceleration region of the mass
spectrometer, when their average lifetime is compara-
ble to the time it takes them to traverse the first
acceleration region (7.7 ms). The parent ion peak com-
prises only 35% of total coincidence signal registered at
the lowest photon energy investigated. This is a result
of the broad thermal energy distribution of the room
temperature sample of the methyl 2-methyl butanoate
and the small energy difference between the ionization
and dissociation limits. In fact, the parent ion peak itself
does not consist of only the C6H12O2
z1 ions (m/z 5
116). Any ion which decays in the drift region, that is
which has a lifetime longer than 7.9 ms, is counted as a
parent ion, too. Thus, the parent ion peaks in Figure 1
consist of ions with internal energy lower than the
dissociation barrier, E0, and those slowly dissociating
ions with internal energy in excess of the dissociation
limit. This represents the so-called “kinetic shift” [20,
21]. In the rate analysis described here, we take this into
account.
Figure 5 shows the breakdown diagrams which
consist of the fractional abundance of parent and
daughter ions. The parent ion signal was obtained by
integrating the signal between 24.3 and 25.0 ms (Figure
1), whereas the daughter ion peaks were obtained by
integration of the signal between 21.1 and 23.4 ms. The
ideal 0 K breakdown diagram would exhibit sharp steps
(down for the parent ion and up for the fragment ion) at
the 0 K dissociative photoionization threshold, DP0. The
real 298 K breakdown diagram reflects the combined
effects of the photon and electron energy resolution of
30 meV, the imperfect suppression of energetic elec-
trons by the steradiancy electron energy analyzer, and
the internal (rovibrational) energy distribution of the
room temperature sample of the methyl 2-methyl bu-
tanoate.
According to the ab initio MO calculations (Figure 4),
the dissociation dynamics of metastable methyl
2-methyl butanoate ions can be described by the single
rate constant for the CH2CH2 loss from the distonic ion
CH2CH2CH(CH3)COHOCH3
z1 (structure B in Figure 2).
In other words, in the case of perfectly energy selected
molecular ions, fragment ion TOF distributions would
be the single component. However, detailed analysis of
our TOF distributions (see Figure 1) shows that the data
must be interpreted in terms of a distribution of rate
constants. The multicomponent dissociation kinetics are
observed because the broad molecular ion internal
energy distribution in our experiment leads to a broad
distribution of dissociation rate constants, k(E). We
recently encountered similar situations in the rate anal-
ysis of the metastable methyl butanoate and tetraethyl-
silane ions [3, 22]. This problem is particularly severe in
the case of methyl 2-methyl butanoate because the
average vibrational and rotational energy is 238 meV at
room temperature, and the distribution is spread over
600 meV. As will be shown, the rate constant k(E) varies
over several orders of magnitude in this energy range.
Data Analysis
The extraction of an activation energy, E0, as measured
from the bottom of the distonic ion B well (see Figure 4),
from the breakdown diagram and TOF distributions
requires careful treatment of the dissociation rate con-
stant, k(E), the thermal energy distribution of the sam-
ple molecules, and the energy resolution function of our
threshold electron analyzer. As shown by Keister et al.
[22] when these are properly taken into account both
the breakdown diagram and the TOF distributions can
be fitted.
The first step in the analysis is the calculation of the
thermal energy distribution of methyl 2-methyl butano-
ate molecules using a Boltzmann formula
P~Eth! 5
r~Eth!e
2Eth/~kT!
E
0
`
r~Eth!e
2Eth/~kT! dEth
(1)
in which the rovibrational density of states r(Eth) is
calculated using an exact count algorithm [23]. The
methyl 2-methyl butanoate molecule was approximated
with a symmetric top, whose moment of inertia IC was
taken directly from the ab initio MO calculations, IC 5
3.00 GHz, whereas the two other, IA and IB, were
calculated as an average geometric of the ab initio
values, 1.39 and 1.13 GHz.
Figure 5. Breakdown diagrams for 298 K internal energy distri-
bution. The points are the experimental data, whereas lines are
calculated by taking into account the internal energy distribution
of ionized methyl 2-methyl butanoate (see Figure 6) and the
microcanonical dissociation rate constant k(E) shown in Figure 7.
The energy corresponding to DP0 is the 0 K dissociative photo-
ionization threshold.
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The distribution of ion internal thermal energy is
represented by a convolution of the electron energy
analyzer function with the thermal energy distribution
of methyl 2-methyl butanoate molecules (eq 1). The
analyzer function can be measured directly from a
threshold photoelectron spectrum of a rare gas, NO, or
acetylene (the latter two have widely spaced vibrational
levels). The result of this convolution is shown in Figure
6. Zero energy in that figure corresponds to the photon
energy. The ion energy is given by
Eion 5 hn 2 IE 1 Eth 2 Eel (2)
where Eth is the prior rovibrational energy and Eel is the
kinetic energy of the ejected electron. Thus the detection
of energetic (or “hot”) electrons gives rise to lower
energy ions, whereas ion energies above zero in Figure
6 are because of the broad thermal distribution of
molecules. Methyl 2-methyl butanoate, with its 54 vi-
brational modes, has an average rovibrational energy at
298 K of 238 meV.
With the energy deposition function of Figure 6 in
hand, the ion TOF distribution over the whole TOF
range from 21.1 to 25.0 ms can be calculated. In this
analysis we take into account the fact that some ions
with energy just slightly in excess of the dissociation
limit do not dissociate in the acceleration region be-
cause of the small rate constant close to threshold. Ions
which decay in the drift region have the same TOF as
parent ions and are thus counted as parent ions. Thus
any ion which lives longer than 7.9 ms, the time re-
quired for an ion to reach the drift region, is counted as
a parent ion. Thus the “parent ion” peaks in Figure 1
consist of ions which have E , E0, and those slowly
dissociating ions with E 5 E0 1 dE.
The fraction of ions which decay after leaving the
acceleration region can be determined quite accurately
because modeling of the asymmetric TOF distribution
in the region between 21.1 and 23.4 ms of Figure 1 with
an assumed or calculated k(E) function can be used to
determine this fraction. The decay rate function, k(E) is
calculated by RRKM theory [23–25]
k~E! 5
sN‡~E 2 E0!
hr~E!
(3)
in which N‡(E 2 E0) is the sum of states of the transi-
tion state from 0 to E 2 E0, r(E) is the density of states
as measured from the bottom of the distonic ion B well
(see Figure 4), and s is the reaction degeneracy, which
in this case is 1. The activation energy, E0, is also
measured from the bottom of the isomer B energy well.
The vibrational frequencies for the density of states
calculation are obtained from the ab initio MO calcula-
tions (see Table 2). However, the transition state fre-
quencies were guessed. According to the ab initio MO
calculations, the loss of ethylene from the distonic
isomer of methyl 2-methyl butanoate ion proceeds
without a barrier so that the variational transition state
theory (VTST) [23, 26, 27] should be used. However,
given the amount of averaging needed to analyze the
data, and given the fact that the rates are slow only over
a very small energy region above threshold, we chose
not to use VTST here. Rather, we simply used the
isomer B frequencies (except the one of ;740 cm21
associated with C–C stretch mode which becomes the
imaginary frequency in this transition state) and varied
the five lowest ones in order to fit the experimental
data. The best fit was when the five lowest frequencies
were multiplied by the factor 0.63. These are the fre-
quencies which turn into product rotations and thus are
reduced to zero as the ion proceeds toward products.
Two energies needed to be adjusted, the 0 K disso-
ciative photoionization threshold for the ethylene loss,
DP0, and the activation energy of the C2H4 loss reaction,
E0, measured from the bottom of the distonic ion B well
(see Figure 4). The breakdown diagram is especially
sensitive to the assumed value of DP0, whereas the
shape of product ion TOF peaks is determined by the
dissociation rate, or in other words, by the depth of the
distonic ion B well, E0.
The adjustment of DP0, E0, and the transition state
frequencies yielded the best fit for the 298 K data shown
by the solid lines in Figures 1 and 5. Variation of the
energies by 1 kcal/mol resulted in significantly worse
fits to the data. The fit to the data of Figures 1 and 5 was
made using the RRKM theory k(E) curve shown in
Figure 7. The minimum rate was found to be about 102
s21. However, it rises rapidly near threshold and
reaches a value of 105 within 176 meV. This means that
the majority of ions with energy between E0 and E0 1
176 meV will be collected as parent ions. This repre-
sents the so-called “kinetic shift” [20, 21] which shifts
the observed onset to energies above the true DP0. The
analysis described here, takes this into account.
The best fit for the data was provided with an
entropy of activation DS600 K
‡ of 3.46 cal mol21 K21. This
Figure 6. Ion rovibrational energy distribution for 298 K sample,
obtained by convolution of the sample thermal rovibrational
energy distribution with the electron energy analyzer function.
Zero on the abscissa corresponds to the photon energy.
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is calculated in the usual manner [23] from the vibra-
tional frequencies of the distonic isomer B (see Table 2)
and the transition state. As one would expect, this
reaction proceeding by a “loose” transition state has a
positive activation entropy.
The location of the 0 K dissociative photoionization
limit, DP0, relative to the crossover energy [correspond-
ing to 50% of the fragment ion fractional abundance (see
Figure 5)] in the breakdown diagram requires some
comments. In the case of the methyl 2-methyl butanoate
ions, this crossover energy can be obtained by the
extrapolation of the breakdown diagram curve in Fig-
ure 5. Three effects shift the observed cross over energy
from the ideal 0 K onset. These are the thermal energy
distribution, the slow dissociation rate at low energies,
and the effect of the “hot electrons.” The thermal energy
distribution shifts the onset to lower energies, whereas
the other two effects shift it to higher energies. The slow
rate constant gives a shift of about 1176 meV, whereas
the “hot electron” effect shifts it another 62 meV. This
total shift of 238 meV to higher energies is lowered by
the average thermal energy (238 meV) of the room
temperature methyl 2-methyl butanoate molecules. In
this case, the compensation is nearly perfect so that the
crossover energy falls nearly at the 0 K onset.
The Derived Thermochemical Data
As shown in Table 3, the 0 K dissociative photoioniza-
tion limit for the CH3CHCOHOCH3
z1 ion plus ethylene
products, DP0, is 9.80 6 0.01 eV. If we combine this
with the 298 K heat of formation of the neutral methyl
2-methyl butanoate of 2114.4 kcal/mol, a value recom-
mended by Holmes and Lossing [8] (Df(0 K)H° 5 2106
kcal/mol), and the 0 K heat of formation of ethylene of
14.5 kcal/mol [28], we obtain a 0 K heat of formation of
the enol ion of methyl propionate (structure F in Figure
2) of 106 kcal/mol. The dissociation reaction activation
energy, E0, of 0.86 6 0.01 eV combined with DP0 and
Df(0 K)H° [CH3CH2CH(CH3)COOCH3] values yields a
0 K heat of formation of the distonic ion
CH2CH2CH(CH3)COHOCH3
z1 of 101 kcal/mol. Unfor-
tunately, the methyl 2-methyl butanoate heat of forma-
tion is not an experimental value, but one calculated by
Holmes and Lossing [8] using simple additivity princi-
ples so that it is difficult to assign an uncertainty to this
value. We arbitrarily assign an uncertainty of 62 kcal/
mol. We calculated the heat of formation of the neutral
methyl 2-methyl butanoate using molecular mechanics
program (MMX) [29] which gave a value of 2111.5
kcal/mol, which agrees within the combined errors of
the MMX and the Holmes estimation.
It is interesting that the Holmes and Lossing 298 K
value of the appearance energy of the enol ion of methyl
propionate of 9.81 eV [8] is very close to our 0 K value
of the dissociative photoionization threshold of the
methyl 2-methyl butanoate. Moreover, the 0 K heat of
formation of the enol isomer of the methyl propionate
ion derived from their data agrees within 1 kcal/mol
with our value (see Table 3). However, it must be
stressed that the present as well as the earlier Holmes
and Lossing values are based on the nonexperimental
value for the heat of formation of neutral methyl
2-methyl butanoate.
Finally, the adiabatic ionization energy (IE) of the
methyl 2-methyl butanoate was obtained by plotting
the normalized molecular ion peak area versus photon
energy near the ionization threshold. The onset energy
was determined to be 9.66 6 0.05 eV, giving Df(0 K)H°
of the methyl 2-methyl butanoate ion of 117 6 2 kcal/
mol (based on the estimated heat of formation of the
neutral methyl 2-methyl butanoate). This IE is ex-
tremely difficult to determine because of the significant
change in the geometry of the molecule upon ioniza-
tion. Because the barrier for isomerization is only about
Figure 7. Experimentally derived microcanonical rate constant
for ethylene loss reaction of ionized methyl 2-methyl butanoate.
Table 3. Experimental energies of relevant species
Species
DHf(0 K) (neutral)
(kcal/mol)
DHf(0 K) (ion)
(kcal/mol) IE/DP (eV)
CH3CH2CH(CH3)COOCH3 2106 6 2
a 117 6 2b 9.66 6 0.05b
CH2CH2CH(CH3)COHOCH3 101 6 2
b
CH3CHCOHOCH3 106 6 2
b 9.80 6 0.01b
105c 9.81d
aThe 0 K heat of formation of methyl 2-methyl butanoate was determined by converting the value at 298 K of 2114.7 kcal/mol [8] using the HF/6-31g*
vibrational frequencies (see Table 2).
bThe 0 K value measured in the present work.
cThe 0 K heat of formation of the enol ion of methyl propionate was determined by converting the literature value at 298 K of 99.0 kcal/mol [8] using
the UHF/6-31g* vibrational frequencies (see Table 2).
dThe 298 K appearance energy measured by the electron impact [8].
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0.02 kcal/mol, the ground state of the ion has a geom-
etry that is apparently very much affected by the
distonic ion well. Thus, the ion yield curve is very
slowly rising in the vicinity of the onset and its precise
location remains uncertain. In fact, it is not clear
whether the ionized methyl 2-methyl butanoate exists
as a stable isomer, or it rearranges to its distonic isomer
B instantly and completely. The answer for this ques-
tion could be obtained from the neutralization–reion-
ization experiments [30, 31].
The RRKM modeling of the experimental results
combined with our IE measurements shows that the
distonic ion CH2CH2CH(CH3)COHOCH3
z1 lies 16 kcal/
mol below the methyl 2-methyl butanoate ion. Our ab
initio MO calculations predict that the distonic isomer B
is 13.8 kcal/mol more stable than the ionized methyl
2-methyl butanoate, which is 2.2 kcal/mol lower than
the experimental value. The dissociation barrier of the
distonic ion B, E0, is another experimental value that
can be compared to the theoretical calculations. The
value of E0 obtained from our RRKM analysis is 19.8
kcal/mol, which is only 2 kcal/mol higher than the
result of the MP2 calculations (see Table 1). Thus, in
both cases, the difference falls within the error limit
expected for the MP2(FULL)/6-31g* calculations.
Conclusion
The dissociation dynamics of methyl 2-methyl butano-
ate ions are well described by the simple mechanism A
3 B 3 CH3CHCOHOCH3
z1 1 C2H4, in which A is the
methyl 2-methyl butanoate ion, and B is a distonic
isomer CH2CH2CH(CH3)COHOCH3
z1, whose 0 K heat
of formation was derived to be equal to 101 6 2 kcal/
mol. The dissociation rate is single component and its
rate is determined by the low energy B well. The
product ion (the enol ion of methyl propionate) is
produced via a simple bond fission. From the measured
onset of 9.80 6 0.01 eV, we derive a Df(0 K)H°
[CH3CHCOHOCH3
1] of 106 6 2 kcal/mol, whose un-
certainty is determined by the estimated heat of forma-
tion of methyl 2-methyl butanoate. This value agrees
well with an earlier study in which energy-resolved
electron impact ionization was used to dissociate this
ion.
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